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5HGXFLQJ WKH FDSWXUH FRVW DQG WKH HQHUJ\ HIILFLHQF\ SHQDOWLHV DUH WKH SULPDU\ GULYLQJ IRUFHV WKDW MXVWLI\ WKH
GHYHORSPHQWRIQHZ&2FDSWXUHV\VWHPV,WLVZLGHO\UHFRJQL]HGWKDWWKHUHLVVFRSHIRUODUJHUHGXFWLRQVLQFDSWXUH
FRVWV E\ DSSO\LQJ QHZFRQFHSWV IRU VHSDUDWLQJ&2 LQ WKH FDSWXUH V\VWHP >@$PRQJ WKHQHZFRQFHSWV IRU&2
FDSWXUH LW LV LPSRUWDQW WR GLVWLQJXLVK EHWZHHQ WZR FDWHJRULHV 7KH ILUVW UHIHUV WR WRWDOO\ QHZ SURFHVVHV ZLWK QR
DQDORJRXVUHDFWRUVRIDVXIILFLHQWO\ODUJHVFDOHLQRSHUDWLRQWRGD\7KHVHWHFKQRORJLHVUHTXLUHDIXOOVFDOLQJXSIURP
EDVLFSULQFLSOHVWHVWHGLQWKHODERUDWRU\RULQWKHFRPSXWHU7KHVHFRQGFDWHJRU\UHIHUVWRQHZFRQFHSWVWKDWUHO\RQ
WKHXVHRIQHZIXQFWLRQDOPDWHULDOVLQUHDFWRUVDOUHDG\FRPPHUFLDOO\HVWDEOLVKHGRQDODUJHVFDOHHJDQHZVROYHQW
IRUDEVRUSWLRQFROXPQVRUDQHZVROLGVRUEHQWLQDFLUFXODWLQJIOXLGL]HGEHGV\VWHP7KHSURFHVVGLVFXVVHGLQWKLV
ZRUNIDOOVLQWRWKHVHFRQGFDWHJRU\
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)LJXUH6FKHPDWLFRIDFDUERQDWHORRSLQJV\VWHPWRFDSWXUH&2IURPDQH[LVWLQJSRZHUSODQWWKDWJHQHUDWHV
PRUHSRZHUZKHQWKHR[\ILUHGFLUFXODWLQJIOXLGL]HGEHGFRPEXVWRUDFWVDVFDOFLQHUDUHDLQVLGHGRWWHGOLQH

7KH&2FDSWXUHSURFHVVGLVFXVVHGLQWKLVSDSHUZDVRULJLQDOO\SURSRVHGE\6KLPL]XHWDO>@DQGXVHV&D2DVD
UHJHQHUDEOH VRUEHQW WR FDSWXUH &2 IURP FRPEXVWLRQ IOXH JDVHV 2WKHU SURFHVVHV XVLQJ &D2 LQ JDVLILFDWLRQ DQG
UHIRUPLQJV\VWHPVKDYHEHHQSURSRVHGDQGUHFHQWO\ UHYLHZHG>@EXWZLOOQRWEHGLVFXVVHGDQ\ IXUWKHUKHUH7KH
FXUUHQWXQGHUVWDQGLQJRIWKHVRUEHQWIXQGDPHQWDOVKDVDOVREHHQUHYLHZHGUHFHQWO\>@$VFKHPDWLFRIWKHV\VWHP
SURSRVHGE\6KLPL]XHWDO>@LVSUHVHQWHGLQ)LJ&2LVFDSWXUHGIURPWKHFRPEXVWLRQIOXHJDVRIDQH[LVWLQJ
SRZHU SODQW LQ D FLUFXODWLQJ IOXLGL]HG EHG FDUERQDWRU RSHUDWLQJ EHWZHHQ &  7KH VROLGV OHDYLQJ WKH
FDUERQDWRU ZLWK D FHUWDLQ FRQYHUVLRQ RI &D2 WR &D&2 DUH GLUHFWHG WR D VHFRQG IOXLGL]HG EHG ZKHUH
FDOFLQDWLRQUHJHQHUDWLRQ WDNHVSODFH&RDO EXUQV LQ WKH FDOFLQHU LQ DQ DWPRVSKHUHRI2&2 DW WHPSHUDWXUHV RYHU
&WRSURGXFHWKHKHDWQHFHVVDU\WRFDOFLQHWKH&D&2EDFNWR&D2DQG&27KLVVHFRQGIOXLGL]HGEHGFDOFLQHU
RSHUDWHVZLWKR[\JHQVXSSOLHGE\DQDLUVHSDUDWLRQXQLW7KH&2FDSWXUHGIURPWKHIOXHJDVHVDV&D&2DQGWKH
&2 UHVXOWLQJ IURP WKH R[\ILUHG FRPEXVWLRQ RI FRDO LQ WKH FDOFLQHU DUH UHFRYHUHG LQ FRQFHQWUDWHG IRUP LQ WKH
FDOFLQHUJDVDQGDUH VXLWDEOH IRU ILQDOSXULILFDWLRQDQGFRPSUHVVLRQ7KHFDOFLQHU UHTXLUHVD UHOHYDQW IUDFWLRQ 
RI WKH WRWDO HQHUJ\ HQWHULQJ WKH V\VWHP LQRUGHU WR KHDW WKH LQFRPLQJJDV DQG VROLGV VWUHDPV XS WR FDOFLQHU
WHPSHUDWXUHVDQGWRSURYLGHWKHKHDW WKDWGULYHVWKHHQGRWKHUPLFFDOFLQDWLRQRI&D&2>@+RZHYHU  WKLVHQHUJ\
OHDYHV WKH V\VWHP LQ PDVV VWUHDPV DW KLJK WHPSHUDWXUH DW 7!& RU LV UHFRYHUHG DV FDUERQDWLRQ KHDW LQ WKH
FDUERQDWRU DW DURXQG & LQ RUGHU WR GULYH D KLJKHIILFLHQF\ VWHDP F\FOH >  @ 7KLV LV D GLVWLQFWLYH
FKDUDFWHULVWLF RI WKLV FDSWXUH V\VWHP ZLWK UHVSHFW WR DQ\ RWKHU &2 FDSWXUH V\VWHP LW LV SRVVLEOH WR JHQHUDWH
DGGLWLRQDOSRZHUIURPWKHYDULRXVKLJKWHPSHUDWXUHVRXUFHVLQWKHFDSWXUHV\VWHP7KHFDOFLQHULVLQIDFWDQHZR[\
ILUHGIOXLGL]HGEHGSRZHUSODQW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DFWLQJDVFDOFLQHUDQGWKHFLUFXODWLQJIOXLGL]HGEHGUHDFWRUEHWZHHQWKHPDFWLQJDVFDUERQDWRUVKRZVWKDW WKHUHLV
FOHDUVFRSHIRUDEUHDNWKURXJKLQFDSWXUHFRVW WRDURXQGRIWKH&2DYRLGHGFRVWRI WKHHTXLYDOHQWVWDQGDORQH
R[\ILUHGV\VWHP>@$VHULRXVGUDZEDFNRIWKHSURFHVVLVWKDWIRUDOOWKHVHLPSURYHPHQWVWREHUHDOL]HGLWLVFULWLFDO
WKDWVRUEHQWFRVWIUHVKOLPHVWRQHPDNHXSWRPDLQWDLQWKHDFWLYLW\RIWKHVRUEHQWLQWKHFDUERQDWHORRSEHQHJOLJLEOH
>@7KLV LV UHODWLYHO\HDV\ LQPDQ\ ORFDWLRQVZKHUH OLPHVWRQH LVFKHDSDQG WKHUH LVDVWURQJGHPDQG IRU&D2IRU
FHPHQW SURGXFWLRQ >@ RU IRU GHVXOSKXUL]DWLRQ LI WKH ERLOHU LV D &)%& EHFDXVH LW KDV EHHQ IRXQG >@ WKDW
GHDFWLYDWHGPDWHULDOIURPWKHFDUERQDWLRQFDOFLQDWLRQORRSLVDYHU\HIIHFWLYHVRUEHQWRI62

9DULDWLRQV RI WKLV FDUERQDWLRQFDOFLQDWLRQ V\VWHP DUH SODQQHG WR EH WHVWHG DW VPDOO SLORW VFDOH V RI N: LQ
RQJRLQJSURMHFWV LQ)UDQFH8.*HUPDQ\&DQDGDDQG6SDLQXQGHUWKH(8&FDSWXUHSURMHFWDQGRWKHUQDWLRQDO
SURMHFWV ,WKDVDOUHDG\EHHQGHPRQVWUDWHG>@ WKDW&2FDQEHFDSWXUHGIURPIOXHJDVHVZLWK&D2DWDWPRVSKHULF
SUHVVXUHLQDEDWFKIOXLGL]HGEHGRI&D2ZLWKUHDVRQDEOHJDVUHVLGHQFHWLPHVDQGEHGLQYHQWRULHV7KHVHUHVXOWVKDYH
UHFHQWO\EHHQYDOLGDWHGLQFRQWLQXRXVPRGH LQDEXEEOLQJIOXLGL]HGEHGFDUERQDWRU>@FRXSOHGZLWKDQR[\ILUHG
FLUFXODWLQJ IOXLGL]HG EHG FDOFLQHU 7KLV SDSHU SUHVHQWV WKH ILUVW H[SHULPHQWDO HYLGHQFH RI WKH FRQFHSW ZLWK WKH
FDUERQDWRUUHDFWRURSHUDWLQJLQFLUFXODWLQJIOXLGL]HGEHGPRGH
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FLUFXODWLQJIOXLGL]HGEHGUHDFWRUVDVVKRZQLQ)LJXUH%RWKUHDFWRUVKDYHDPLQWHUQDOGLDPHWHUWKHFDOFLQHULV
PLQKHLJKWDQGWKHFDUERQDWRUPLQKHLJKW6RPHH[SHULPHQWVSUHVHQWHGKHUHZHUHFDUULHGRXWLQDSUHYLRXV
ULJVHWXSZKLFKZDVRQO\PKLJK(DFKULVHULVFRQQHFWHGWRDKLJKHIILFLHQF\SULPDU\F\FORQH7KHVROLGVIDOO
IURPWKHF\FORQHWKURXJKDYHUWLFDOVWDQGSLSHWREXEEOLQJIOXLGL]HGEHGORRSVHDOV6ROLGVIORZRYHUWKHORRSVHDOV
WRZDUGVDQLQFOLQHGVWDQGSLSHWKDWGLUHFWVWKHPWRWKHRSSRVLWHUHDFWRUDWZKLFKSRLQWWKH\KDYHFRPSOHWHGKDOIRI
WKHVROLGFLUFXODWLRQORRS7KHUHLVDE\SDVVMXVWEHORZWKHORRSVHDOVWRH[WUDFWVROLGVDPSOHVDQGWRPHDVXUHVROLG
FLUFXODWLRQ UDWHV *V LQ NJPV E\ GLYHUWLQJ VROLGV WR D GHDG YROXPH IRU D FHUWDLQ SHULRG RI WLPH 2WKHU VROLG
VDPSOHVFDQDOVREHH[WUDFWHGGLUHFWO\IURPVHYHUDOULVHUSRUWV$PL[WXUHRIJDVFRQWDLQLQJ&2DLUIURPDEORZHU
DQG &2 IURP D 'HZDU LV IHG LQWR WKH FDUERQDWRU 1R DLU GLVWULEXWRU LV QHHGHG IRU WKHVH VPDOO GLDPHWHU ULVHUV
DOORZLQJWKHHDV\IHHGRIVROLGVZKHQQHHGHGVFUHZIHHGHUVIRUVROLGIXHOVLQSDUWLFXODUIRUWKHDLUILUHGFDOFLQHU
DUHQRWVKRZQLQWKH)LJXUHIRUVLPSOLFLW\7KHORRSVHDOVDUHDHUDWHGZLWKDLU(OHFWULFRYHQVFRYHUVXUURXQGWKH
ILUVWPRIWKHULVHUVDQGDOVRWKHORRSVHDOV$IWHUVWDUWXSWKHRYHQVDUHVZLWFKHGRIILQWKHFDUERQDWRUDQGWKHQ
RSHQHGXSVOLJKWO\LQRUGHUWRUHOHDVHWKHKHDWJHQHUDWHGLQWKHFDUERQDWLRQUHDFWLRQ
,QWKHVHFRQGFLUFXODWLQJIOXLGL]HGEHGUHDFWRUWKH&D&2IRUPHGLQWKHFDUERQDWRULVUHJHQHUDWHGXQGHUW\SLFDO
FRPEXVWLRQ FRQGLWLRQV LQ D&)%& &ZLWK DLU H[FHVV7KH FDOFLQHU LV DLUILUHG LQ WKHVHSDUWLFXODU
H[SHULPHQWV IRU2&2FDOFLQDWLRQ LQ&)%FRQGLWLRQVVHHUHIHUHQFH>@ &RQWLQXRXVDQDO\VHVRI&22DQG
&2  DUH FDUULHGRXW IURPGLIIHUHQW SRLQWV LQ WKH LQVWDOODWLRQ  =LUFRQLDR[\JHQSUREHV DUH SUHVHQW LQ WKH ULVHUV WR
PHDVXUH ORFDO2 FRQWHQW HQVXULQJ JRRG TXDOLW\ RI FRPEXVWLRQ LQ WKH FDOFLQHU DQG DGGLQJ FRQILGHQFH WR WKH JDV
FRPSRVLWLRQPHDVXUHPHQWVE\WKHDQDO\]HU7KLVLVSDUWLFXODUO\ LPSRUWDQWLQWKLVVPDOOWHVWULJEHFDXVHDHUDWLRQLQ
WKHORRSVHDOFDQEHDPRXQWWRRIWKHWRWDOIORZRIJDVHQWHULQJWKHULVHUVDQGWKHUHLVXQFHUWDLQW\DERXWWKHSDWK
RIWKLVDHUDWLRQJDV,QQRUPDOFLUFXODWLRQFRQGLWLRQVLWVKRXOGIROORZWKHFLUFXODWLQJVROLGVGRZQZDUGVWRZDUGVWKH
ULVHUDQGWKHR[\JHQSUREHVKRXOGJLYHWKHVDPHDYHUDJHR[\JHQFRQWHQWDVWKHJDVDQDO\]HU+RZHYHUXQGHUVRPH
FRQGLWLRQVRI ORZ VROLG FLUFXODWLRQ UDWHV D IUDFWLRQRI WKH DLU IHG LQWR WKH ORRS VHDOV WUDYHOV XSZDUGV WRZDUGV WKH
F\FORQHORZHULQJLWVVROLGVFDSWXUHHIILFLHQF\,QWKHVHFRQGLWLRQVWKH2FRQWHQWPHDVXUHGE\WKH]LUFRQLDSUREH
DWWKHH[LWRIWKHULVHULVVPDOOHUWKDWPHDVXUHGE\WKHJDVDQDO\]HUZKLFKVDPSOHVJDVDIWHUWKHVHFRQGDU\F\FORQH
)LQDOO\DVFDQEHVHHQLQ)LJXUHWKHUHDUHDQXPEHURISRUWVIRULQVWDOOLQJGLIIHUHQWLDOSUHVVXUHWUDQVGXFHUVDQG
WKHUPRFRXSOHV$OOWKHVHVLJQDOVWRJHWKHUZLWKWKRVHIURPWKHR[\JHQSUREHVWKHPDVVIORZFRQWUROOHUVDQGWKHJDV
DQDO\VLVV\VWHPDUHFROOHFWHG LQDFRPSXWHU$OO WKHVROLGVDPSOHV WDNHQIURPWKHFDOFLQHU WKHFDUERQDWRUDQG WKH
ORRS VHDOV DUH DQDO\VHG WR GHWHUPLQH WRWDO&D2 FRQWHQW DQG&D FRQYHUVLRQ WR&D&2 6HOHFWHG VDPSOHV IURP WKH
FDUERQDWRUDUHWDNHQWRPHDVXUHWKHFDUERQDWLRQUHDFWLRQUDWHLQDWKHUPREDODQFHVSHFLDOO\GHVLJQHGIRUPXOWLF\FOH
H[SHULPHQWV VHH >@ $ W\SLFDO KLJK SXULW\ OLPHVWRQH !&D&2ZDV XVHG LQ DOO WKH H[SHULPHQWVZLWK D
SDUWLFOH VL]H UDQJH EHORZ  PLFURQV DQG ZLWK DFWLYLW\ FXUYHV WKDW KDYH EHHQ UHSRUWHG HOVHZKHUH >@ ,Q D
FKDUDFWHULVWLF UXQ D EDWFK RI  NJ RI OLPHVWRQH LV ORDGHG LQWR WKH ORRS VHDOV DQG WKH ULVHUV  7HPSHUDWXUHV DUH
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DOORZHGWRULVHXSWRDURXQG&ZLWKHOHFWULFKHDWLQJDQGIURPWKDWSRLQWIXHOLVIHGLQWRERWKULVHUVLQRUGHUWR
LQFUHDVHWKHWHPSHUDWXUHWRFDOFLQDWLRQFRQGLWLRQV'XHWRWKHKLJKKHDWORVVIURPWKLVVPDOOULJVHYHUDOKRXUVDUH
QHFHVVDU\WRDFKLHYHIXOOFDOFLQDWLRQRIWKHLQLWLDOEDWFKRIVROLGV)XUWKHUPRUHDWWULWLRQGXULQJWKHILUVWFDOFLQDWLRQ
RIOLPHVWRQHZDVLQWHQVHLQSDUWLFXODULQWKHULJRI)LJXUHZKLFKKDVKLJKYHORFLW\VHFWLRQVEHFDXVHRIWKHKLJK
HIILFLHQF\ F\FORQHV 7KHUHIRUH EDWFKHV RI IUHVK OLPHVWRQH KDG WR EH DGGHG RFFDVLRQDOO\ WR PDLQWDLQ WKH VROLGV
LQYHQWRULHVDQGVROLGVFLUFXODWLRQUDWHVZKLFKLQFUHDVHGHYHQIXUWKHUWKHWRWDOFDOFLQDWLRQWLPHRIWKHILUVWEDWFKRI
PDWHULDO)XWXUHWHVWVLQFRUSRUDWLQJVRPHRIWKHVXJJHVWHGVROXWLRQVWRPLWLJDWHDWWULWLRQORVVHVHJSDUWLDOVXOIDWLRQ
DQGRUFRQWUROOHGSUHFDOFLQDWLRQDVSURSRVHGLQ>@ZLOOEHFDUULHGRXW2QFHWKHPDWHULDOKDGEHHQFDOFLQHGVROLGV
LQWKHFLUFXODWLRQORRSKDGDW\SLFDODYHUDJHSDUWLFOHVL]HGLVWULEXWLRQEHORZPLFURQVDQGDWWULWLRQZDVQRORQJHU
DVHULRXVSUREOHP6ROLGVFROOHFWHGLQWKHVHFRQGDU\F\FORQHVZHUHIHGEDFNWRWKHPDLQFLUFXODWLRQORRS7KHEHG
LQYHQWRU\LQHDFKULVHUZDVFDOFXODWHGDVVXPLQJWKDWWKH'3PHDVXUHGLQWKHULVHULVGXHWRWKHEHGLQYHQWRU\:DV
LQPLQLPXPIOXLGL]DWLRQFRQGLWLRQV'3 :$
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)LJXUH6FKHPDWLFDQGRYHUYLHZRIWKHLQWHUFRQQHFWHGFLUFXODWLQJIOXLGL]HGEHGVWRWHVWFDUERQDWHORRSLQJDW
,1&$5&6,&
5HVXOWVDQG'LVFXVVLRQ
%HIRUHGLVFXVVLQJVRPHRIWKHUHVXOWVREWDLQHGGXULQJWKHFDUERQDWLRQFDOFLQDWLRQWHVWLWPD\EHXVHIXOWRUHSRUW
RQ WKH PDLQ SUREOHPV DQG GLIILFXOWLHV IRXQG EHIRUH WKHVH WHVWV ZHUH FRPSOHWHG 7KHUH ZHUH VRPH IXQGDPHQWDO
SUREOHPVDVVRFLDWHGZLWKWKLVVSHFLILFULJGHVLJQDQGLWVVPDOOVFDOH7KHRULJLQDOF\FORQHVZHUHQRWRSHUDWLQJZLWK
VXIILFLHQWHIILFLHQF\DQGDVDUHVXOWWKHWRWDOVROLGVLQYHQWRU\LQWKHPDLQFLUFXODWLRQORRSFRXOGRQO\EH
PDLQWDLQHGIRUUHODWLYHO\VKRUWSHULRGVRIWLPH7KLVZDVFRPSHQVDWHGIRUE\UHLQMHFWLQJVROLGVIURPWKHVHFRQGDU\
F\FORQH+RZHYHU DFHUWDLQG\QDPLFW\SHRIRSHUDWLRQZDVDWWDLQHGGHVSLWHWKH³FRQWLQXRXV´RSHUDWLRQPRGH,Q
WKHVHFRQGLWLRQVVWDEOHSHULRGVRIRSHUDWLRQZHUHRQO\SRVVLEOHZLWKPRGHVW&2FDSWXUHHIILFLHQFLHV)RUWKHVDPH
UHDVRQ KLJK FDSWXUH HIILFLHQFLHV ZHUH RQO\ SRVVLEOH IRU VKRUW SHULRGV RI RSHUDWLRQ VHH )LJXUH  IRU H[DPSOH
1HYHUWKHOHVVVLQFHJDVUHVLGHQFHWLPHVLQWKHULVHUVDUHLQWKHRUGHURIVHFRQGVWKHVHG\QDPLFWHVWVZLWKFKDQJHVLQ
VROLGV FLUFXODWLRQ UDWHV DQG EHG LQYHQWRULHV LQ WKH RUGHU RI PLQXWHV SURYLGH D JUHDW VRXUFH RI H[SHULPHQWDO
LQIRUPDWLRQIRUYDOLGDWLQJWKHSURFHVVDQGIRUGHULYLQJVXLWDEOHUHDFWRUPRGHOV7KHVHG\QDPLFWHVWVDVLQ)LJXUH
DOVRSURYLGHGWKHEDVLVIRUDUHGHVLJQRISDUWVRIWKHWHVWULJWKDWRQFHPRYHGWRDGLIIHUHQWORFDWLRQDOORZHGULVHU
KHLJKWV RI DURXQG P )LJXUH   $Q H[DPSOH RI WKH W\SH RI LQIRUPDWLRQ REWDLQHG LQ FRQWLQXRXVPRGH IURP D
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W\SLFDO WHVW LV VKRZQ LQ )LJXUH  7KH SORW DW WKH WRS LQFOXGHV WKH WHPSHUDWXUHV DORQJ WKH ULVHU KHLJKW RI WKH
FDUERQDWRU7KHSORW LQ WKHFHQWUH VKRZV WKH&2FRQFHQWUDWLRQ EOXH OLQHPHDVXUHGDW WKHH[LWRI WKH VHFRQGDU\
F\FORQHZLWKRFFDVLRQDOPHDVXUHPHQWVDOVRWDNHQIURPWKHJDVLQOHWWRWKHFDUERQDWRU7KHJUHHQDQGUHGOLQHVDUH
2 PHDVXUHPHQWV IURP WKH 2 SUREH DQG IURP WKH DQDO\]HU 7KH SORW DW WKH ERWWRP RI WKH )LJXUH VKRZV WKH
FRQWLQXRXVUHFRUGLQJRIWKHSUHVVXUHGURSLQWKHFDUERQDWRUULVHUVZLWKVRPHSRLQWVLQGLFDWLQJWKHVROLGVFLUFXODWLRQ
PHDVXUHPHQWV7KLVSDUWLFXODUH[SHULPHQWZDVFDUULHGRXWZLWKSDUWLDOO\GHDFWLYDWHGVRUEHQWPDWHULDOIURPSUHYLRXV
H[SHULPHQWVZLWKDPD[LPXPFDUERQDWLRQFRQYHUVLRQIUDFWLRQRIWRWDO&DWKDWFDQFDUERQDWHWR&D&2OLPLWHGWR
 $V FDQ EH VHHQ WKH FDUERQDWRU UHWDLQHG JRRG D[LDO LVRWKHUPLFLW\  & DW DQ\ SDUWLFXODU WLPH ZKHQ
FLUFXODWLRQ UDWHVZHUHDERYHNJPV6XSHUILWLDO JDV YHORFLWLHVZHUHYDULHGEHWZHHQDQGPV$VGLVFXVVHG
DERYH WKLVSDUWLFXODU ULJ ULVHUVRIRQO\PKHLJKWDQG ORZHIILFLHQF\SULPDU\F\FORQHVRQO\UHWDLQV UHODWLYHO\
ORZVWDEOHVROLGVFLUFXODWLRQUDWHVDQGEHGLQYHQWRULHVNJPVDQG'3EHWZHHQFP+27KHDGGLWLRQRI
EDWFKHVRIVROLGVWRWKHFDUERQDWRUVHHIRUH[DPSOHDWWUDQVODWHVLQWRDUDSLGLQFUHDVHRIWKHVROLGVLQYHQWRU\
LQWKHULVHUDUDSLGGURSLQWKH&2FRQFHQWUDWLRQRIWKHJDVFRPLQJIURPWKHFDUERQDWRUDQGDVKDUSLQFUHDVHLQWKH
VROLGVFLUFXODWLRQUDWHVVHHDOVRWKHSHUIHFWLVRWKHUPLFLW\RIWKHULVHUXQGHUWKHVHFRQGLWLRQV7KHVHVLWXDWLRQVRFFXU
ZKHQFDSWXUHHIILFLHQFLHVDUHZHOORYHUFORVHWRWKHPD[LPXPDOORZHGE\WKHHTXLOLEULXPRI&2RQ&D2DW
WKHDYHUDJHWHPSHUDWXUHRIWKHFDUERQDWRUUHDFWRU8QIRUWXQDWHO\DVGLVFXVVHGDERYHLWZDVQRWSRVVLEOHWRPDLQWDLQ
WKLV VLWXDWLRQ IRU PRUH WKDQ D IHZ PLQXWHV LQ WKH  P KHLJKW ULJ DQG DV WKH VROLGV DEDQGRQHG WKH SULPDU\
FLUFXODWLRQORRS&2FDSWXUHHIILFLHQF\GHFUHDVHGUDSLGO\0DQ\H[SHULPHQWVOLNHWKLVRQHZHUHFDUULHGRXWXVLQJ
GLIIHUHQWVWDUWLQJPDWHULDOVGLIIHUHQWDFWLYLWLHVGLIIHUHQWJDVYHORFLWLHVLQWKHFDUERQDWRUEHWZHHQDQGPV
DQGZLWKGLIIHUHQW&2FRQWHQWVLQWKHJDVWKDWHQWHUHGWKHFDUERQDWRU7KHVHFRQGLWLRQVSURYLGHGDJRRGEDVHIRUWKH
GHYHORSPHQWDQGYDOLGDWLRQRIDPRGHODQGIRUWKHSUDFWLFDOGHVLJQRIWKHPRGLILHGULJLQ)LJXUH
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)LJXUH([DPSOHRIH[SHULPHQWDOUHVXOWVIURPWKHFDUERQDWHORRSLQJWHVWULJ

)LJXUHSUHVHQWVVRPHUHVXOWVIRUWKHVDPHULJDIWHUPRGLILFDWLRQVRIWKHULVHUKHLJKWVFDUERQDWRUKHLJKWP
DQGRIWKHKLJKHIILFLHQF\F\FORQHVZHUHLQWURGXFHG7KHUHVXOWVDUHTXDOLWDWLYHO\LGHQWLFDOWRWKHSUHYLRXVRQHVEXW
PXFK PRUH VWDEOH LQ WHUPV RI VROLGV FLUFXODWLRQ UDWHV DQG WKH EHG LQYHQWRU\ LQ WKH FDUERQDWRU )RU WKH VDNH RI
VLPSOLFLW\ WKH H[SHULPHQWDO LQIRUPDWLRQ RQ JDV FRPSRVLWLRQV KDV EHHQ SORWWHG DV LQVWDQW FDSWXUH HIILFLHQF\ UHG
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GRWWHG OLQHV DQG WKLV LV FRPSDUHGZLWK WKHPD[LPXP DPRXQW RI&2 FDSWXUH DOORZHG E\ WKH HTXLOLEULXP DW WKH
DYHUDJHWHPSHUDWXUHLQWKHFDUERQDWRUUHDFWRUDWWKDWSDUWLFXODUWLPH$VFDQEHVHHQLQWKH)LJXUHRQWKHOHIWKDQG
VLGH&2 FDSWXUH HIILFLHQFLHV DUH FRQVLVWHQW DQG VWDEOH WR RYHU  DQG FORVH WR  VXSHUILFLDO JDV YHORFLWLHV
EHWZHHQ  PV VROLGV FLUFXODWLRQ UDWHV RI  NJ&D2PV  PD[LPXP DFWLYLW\ RI WKH PDWHULDO 
DYHUDJH WHPSHUDWXUH  & +RZHYHU WKHUH DUH WZR HYHQWV LQ WKLV ILJXUH WKDW VKRZ D PXFK ORZHU FDSWXUH
HIILFLHQF\LOOXVWUDWLQJRQFHDJDLQWKHLPSRUWDQFHRIDJRRGVROLGVFLUFXODWLRQDQGVXIILFLHQWVROLGVLQYHQWRU\LQWKH
ULVHU7KHILUVWHYHQWDWDURXQGFRUUHVSRQGVWRWKHGHOLEHUDWHVZLWFKLQJRIIRIWKHDHUDWLRQRIWKHORRSVHDO
ZKLFKLQWHUUXSWHGWKHVROLGVFLUFXODWLRQWRWKHFDUERQDWRU$VDUHVXOWHIILFLHQF\GURSSHGWR]HURDVGXHWRWKHODFNRI
VROLGVUHDFWLQJLQWKHFDUERQDWRU,QDGGLWLRQLQWKHDEVHQFHRIWKHH[RWKHUPLFFDUERQDWLRQUHDFWLRQDQGDFRQWLQXRXV
VXSSO\RI VROLGV IURP WKH ORRS VHDO WKH WHPSHUDWXUHGURSSHG LQ WKH FDUERQDWRU UHDFWRU DV LQGLFDWHGE\ WKH VKDUS
LQFUHDVHLQWKHRUHWLFDOFDSWXUHHIILFLHQF\DOORZHGE\WKHHTXLOLEULXP7KHVHFRQGORZHIILFLHQF\SHDNLQWKHVDPH
ILJXUHDWDURXQGFRUUHVSRQGVWRDPHDVXUHPHQWRIWKHVROLGVFLUFXODWLRQUDWHZKHQVROLGVZHUHGLYHUWHGWRD
FRQWDLQHUIRUDFHUWDLQSHULRGRIWLPHWKDWWUDQVODWHVLQWRDUDSLGUHGXFWLRQRIWKHVROLGVLQYHQWRU\LQWKHFDUERQDWRU
DQGDQDVVRFLDWHGUHGXFWLRQLQFDSWXUHHIILFLHQF\
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)LJXUH([DPSOHRIH[SHULPHQWDOUHVXOWVIRUWKHULJRI)LJXUHZKLFKRSHUDWHVZLWKFRQWLQXRXVFDUERQDWLRQV
DQGFDOFLQDWLRQV

7KH)LJXUHRQWKHULJKWRI)LJXUHFRUUHVSRQGVWRDQH[SHULPHQWDOSHULRGFRQGXFWHGXQGHUVLPLODUFRQGLWLRQVEXW
ZLWK&D2SDUWLFOHV KLJKO\GHDFWLYDWHG DQG FORVH WR WKH UHVLGXDO DFWLYLW\ H[SHFWHG IRUPRVW OLPHVWRQHV 
DIWHUKXQGUHGVRIFDUERQDWLRQFDOFLQDWLRQF\FOHV>@7KLVSDUWLFXODUH[SHULPHQWUDQIRUPRUHWKDQHLJKWKRXUVXQGHU
VWDEOH FRQGLWLRQVZLWK&2 FDSWXUH HIILFLHQFLHV EHWZHHQ ZLWK UHODWLYHO\PRGHVW FLUFXODWLRQ UDWHV 
NJPVDQGVROLGVLQYHQWRULHVFP+2+LJKHUHIILFLHQFLHVZRXOGEHIHDVLEOHLQWDOOHUULVHUVDQGRUZLWKIOXLG
G\QDPLF LPSURYHPHQW LQ RUGHU WR VXVWDLQKLJKHU FLUFXODWLRQ UDWHV DQGKLJKHU VROLGV LQYHQWRULHV LQ WKH FDUERQDWRU
7KH ORZHIILFLHQFLHVPHDVXUHGRQ WKH OHIW KDQG VLGHRI WKH)LJXUH FRUUHVSRQG WR D SHULRGZKHQ WKHRYHQVRI WKH
FDOFLQHU ZHUH VZLWFKHG RII 7KLV FDXVHG WKH WHPSHUDWXUHV LQ WKH FDOFLQHU WR GURS EHORZ & DQG FDOFLQDWLRQ
LQWHQVLW\ WR IDOO ,Q DGGLWLRQ  SURJUHVVLYH FDUERQDWLRQ RI WKHPDWHULDO LQ WKH V\VWHP OHG WR ORZ HYHQWXDOO\ ]HUR
FDSWXUH HIILFLHQFLHV:KHQ WKH RYHQV ZHUH VZLWFKHG RQ DW  FDOFLQDWLRQ LQWHQVLW\ ZDV UHVWRUHG DQG FDSWXUH
HIILFLHQFLHVUHFRYHUHGLQOHVVWKDQRQHKRXUWRDVWDEOHYDOXHRIEHWZHHQ

$OO WKRVHSRLQWVZKHUHWKHFLUFXODWLRQUDWHVZHUHPHDVXUHGDQGVDPSOHVRIWKHFLUFXODWLQJVROLGVZHUHWDNHQ LW
ZDV SRVVLEOH WR FORVH WKH FDUERQ EDODQFH DQG FRPSDUH WKH &2 ORVW LQ WKH JDV SKDVH UHOLDEO\ PHDVXUHG E\
FRQWLQXRXVJDVDQDO\]HUVDQGPDVVIORZFRQWUROOHUVZLWKWKH&2JDLQHGLQWKHFLUFXODWLQJVROLGSKDVHOHVVUHOLDEOH
PHDVXUHPHQW RI VROLGV FLUFXODWLRQ UDWHV DQG XQFHUWDLQ UHSUHVHQWDWLYLW\ RI WKH VROLGV VDPSOHV 7KLV FORVXUH RI WKH

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
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(TXLOLEULXP ([SHULPHQWDO
WLPHK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PDVVEDODQFHJDYHUHDVRQDEOH UHVXOWV VORSHRIHYHQ WKRXJK WKHUHZDVDVXEVWDQWLDOVFDWWHULQJRI LQGLYLGXDO
SRLQWVZLWKLQWKHFRQILGHQFHLQWHUYDOUDQJH
)XWXUHZRUN
7KHUHVXOWVSUHVHQWHGDERYHWRJHWKHUZLWKWKHLQFUHDVLQJQXPEHURIQHZLQIRUPDWLRQSXEOLVKHGE\RWKHUDXWKRUV
UHYLHZHG LQ > @ IURP ODERUDWRU\ DQG EHQFK VFDOH UHVXOWV  VXSSRUWV WKH WHFKQLFDO DQG HFRQRPLF YLDELOLW\ RI
FDUERQDWHORRSLQJF\FOHVDVUHSUHVHQWHGLQ)LJXUH7KHIRFXVRIRQJRLQJZRUNDW&6,&LVRQWKHGHYHORSPHQWRI
WKHFDUERQDWRUUHDFWRUDVVXPLQJWKDWWHFKQRORJ\IRUR[\ILUHGFLUFXODWLQJIOXLGL]HGEHGFRPEXVWLRQZLOOEHDYDLODEOH
WRVHUYHDVFDOFLQHU)LJXUH$VWKHUHVXOWVKDYHVKRZQLWLVYHU\OLNHO\WKDWD&)%FDUERQDWRUUHDFWRUPD\VHUYH
DVDYHU\HIIHFWLYH&2DEVRUEHUZKHQ VXSSOLHGZLWKDFRQWLQXRXV IORZRI&D2DQGZKHQRSHUDWLQJDW UHODWLYHO\
PLOGFRPSDUHGWRWKRVHSUHVHQW LQDOUHDG\H[LVWLQJODUJHVFDOH&)%&ERLOHUV$VUHJDUGVWRWKHR[\ILUHGFDOFLQHU
RQHFDQDVVXPHDQWLFLSDWHWKDWWKHLQWURGXFWLRQRIDQHQGRWKHUPLFUHDFWLRQFRQWLQXRXVFDOFLQDWLRQWRWKHR[\ILUHG
FRPEXVWRUZLOORQO\EULQJEHQHILWVLQWHUPVRIKHDWPDQDJHPHQWDQGWHPSHUDWXUHFRQWUROLQWKHKLJKO\H[RWKHUPLF
FRPEXVWLRQ UHDFWLRQ WKDW WDNHV SODFH LQ D FRPEXVWRU RSHUDWLQJ  ZLWK KLJK 2&2 UDWLRV 7KH OLQN RI FDUERQDWH
ORRSLQJSURFHVVHVZLWKR[\ILUHG&)% WHFKQRORJ\ LVRQH WKH VWUHQJWKVRI WKHSURFHVVRI)LJXUHEXW LW LV DOVR WKH
VRXUFHRI WKHZHDNHVW SRLQWZLWK UHVSHFW WRPRUH H[RWLF HPHUJLQJ V\VWHPV WKH QHHG IRU DQ DLU VHSDUDWLRQXQLW WR
GULYH WKH FDOFLQHU HQWDLOV D VXEVWDQWLDO HQHUJ\ DQG FRVW SHQDOW\ +RZHYHU ZH DUH SXUVXLQJ DGYDQFHG FDUERQDWH
ORSSLQJSURFHVVHV>@ZKHUHWKHUHLVQRQHHGIRUD2ILUHGFDOFLQHUEHFDXVHSDUWRIWKHKHDWJHQHUDWHGLQWKHPDLQ
FRPEXVWLRQFKDPEHURIWKHSRZHUSODQWLVWUDQVIHUUHGE\FLUFXODWLQJ&D2SDUWLFOHVDQGUHIUDFWRU\DVKWRDFDOFLQHU
RSHUDWLQJDWDV ORZD WHPSHUDWXUHDVSRVVLEOH WKDQNV WR WKHGLOXWLRQRI&2ZLWKVWHDP$VSHQ+\V\VVLPXODWLRQV
KDYHSURYHQWKDWWKHFRPEXVWRUDQGWKHFDOFLQHULQWKLVFRQILJXUDWLRQFDQEHGHVLJQHGDVDGLDEDWLFUHDFWRUVDQGLWLV
SRVVLEOH WR UHFRYHU WKH HQHUJ\ SURGXFHG LQ WKH FDUERQDWRU WR SURGXFH RYHUKHDWHG VWHDP 7KHVH WKHRUHWLFDO
FDOFXODWLRQV KDYH VKRZQ WKDW ZKHQ D VXEFULWLFDO 5DQNLQH F\FOH LV XVHG DQG D PRGHUDWH WKHUPDO LQWHJUDWLRQ LV
SHUIRUPHGWKHUHLVQRHQHUJ\SHQDOW\RWKHUWKDQWKHSHQDOW\DVVRFLDWHGWR&2SXULILFDWLRQDQGFRPSUHVVLRQ7HVWV
FRQGXFWHGDWVPDOO ODERUDWRU\VFDOH>@KDYHVKRZQWKDW WKH&D2SDUWLFOHVPD\PDLQWDLQVXIILFLHQWDFWLYLW\XQGHU
WKHW\SLFDOWHPSHUDWXUHFRQGLWLRQVDQGDWPRVSKHUHRIVXFKDV\VWHP

7KH WHVW IDFLOLW\ XVHG LQ WKLVZRUN )LJXUHZLOO FRQWLQXH WREHXVHG WRREWDLQPRUH GDWD RQ WKHEHKDYLRU RI
GLIIHUHQW OLPHVWRQHV LQ WKH V\VWHP WKHHIIHFWRI VXOIXUDQGDVKFRQWHQWVRQ WKH IXHOV XVHG HWF3ODQV IRUD0:
VFDOLQJXSLQDUHDOLQGXVWULDOHQYLURQPHQWWKH0:H&)%SRZHUSODQWRI+XQRVDLQ/D3HUHGD$VWXULDV6SDLQ
KDYHDOUHDG\EHHQLQLWLDWHGZLWKDQDJJUHVVLYHVFKHGXOHLQRUGHUWKDWWKHILUVWH[SHULPHQWDOFDPSDLJQVVWDUWLQWKH
0:ULJE\7KHVXFFHVVIXOWHVWVFRQGXFWHGVRIDUPDNHXVIHHORSWLPLVWLFDERXWWKHQH[WVWHSVDQGDERXWWKH
VSHHGDWZKLFKUHVXOWVFDQEHHVFDODWHGEHFDXVHWKHNH\FRPSRQHQWVIRUFDUERQDWHORRSLQJSRVWFRPEXVWLRQV\VWHPV
DUHPHFKDQLFDOO\ VLPLODU WR DOUHDG\ H[LVWLQJ ODUJH VFDOH FLUFXODWLQJ IOXLGL]HG EHG FRPEXVWRUV DQG WKHLU HPHUJLQJ
R[\ILUHGFRXQWHUSDUWV
&RQFOXVLRQ
&DUERQDWH ORRSLQJ F\FOHV DUH YHU\SURPLVLQJ FRQFHSWV IRU SRVWFRPEXVWLRQ&2 FDSWXUH DSSOLFDWLRQV7KLV
ZRUNKDVVKRZQWKDWWKHQHZNH\SLHFHRIHTXLSPHQWWKH&)%FDUERQDWRUZRUNVDVDQHIIHFWLYH&2DEVRUEHUZKHQ
VXSSOLHGZLWKDVXIILFLHQWIORZRIDFWLYH&D27HPSHUDWXUHVVROLGFLUFXODWLRQUDWHVDQGEHGLQYHQWRULHVDVVRFLDWHGWR
WKHRSHUDWLRQRIWKHFDUERQDWRUDUHUHODWLYHO\PLOGFRPSDUHGWRWKHHVWDEOLVKHGRSHUDWLQJFRQGLWLRQVIRUODUJHVFDOH
&)%&ERLOHUV)XUWKHUPRUHVLQFHWKHFDUERQDWLRQLVDIDVWH[RWKHUPLFUHDFWLRQWKDWWDNHVSODFHEHWZHHQ&
WKH ODUJHDPRXQWRIHQHUJ\VXSSOLHG WR WKHFDOFLQHU WR UHJHQHUDWH&D&2EDFN WR&D2DQG&2FDQEH UHFRYHUHG
IURPWKHFDUERQDWLRQKHDWRXWSXW7KHFDUERQDWRUFDQEHGHVLJQHGDVDQLQWHUIDFHEHWZHHQDQH[LVWLQJSRZHUSODQW
DQGDQHZR[\ILUHG&)%SRZHUSODQWWKDWLVDFWLQJDVFDOFLQHU7KHR[\ILUHG&)%&LVQRWRQO\DYRLGLQJWKH&2
IURPLWVRZQFRDOFRPEXVWLRQIHHGEXWDOVRDOOWKH&2FRPLQJIURPWKHIOXHJDVHVRIWKHQHLJKERULQJSRZHUSODQW
WKDWKDYHEHHQFDSWXUHGDV&D&2LQWKHFDUERQDWRU)XWXUHGHVLJQVRIFDUERQDWHORRSLQJF\FOHVPD\HYHQOHDGWR
IXUWKHUVDYLQJVLQHQHUJ\DQGFRVWVE\LQWHJUDWLQJWKHFRPEXVWLRQFKDPEHUZLWKWKHFDOFLQHU

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([SHULPHQWDO UHVXOWV IURP D N: WHVW IDFLOLW\ GHVLJQHG FRQVWUXFWHG DQG RSHUDWHG E\ &6,& 6SDLQ KDYH
GHPRVWUDWHGWKHHVVHQWLDOYLDELOLW\RIWKHSURFHVV7KHUHVXOWVZHUHXVLQJDULJFRQILJXUDWLRQWKDWLQFOXGHGGLIIHUHQW
ULVHU KHLJKWV DQG F\FORQH GHVLJQV DQG DOORZHG REWDLQHG ORQJHU SHULRGV RI VWDEOH VROLGV FLUFXODWLRQ UDWHV DQG EHG
LQYHQWRULHV $WWULWLRQRI WKH OLPHVWRQHZDVYHU\ LQWHQVH LQ WKH ILUVW FDOFLQDWLRQVEXW WKH UHPDLQLQJ VROLGV VKRZHG
OLWWOH WHQGHQF\ WR IXUWKHU DWWULWLRQ  7KH FDUERQDWRU UHDFWRU IXQFWLRQV DV DQ HIIHFWLYH DEVRUEHU RI &2 HIILFLHQF\
KLJKHU WKDQ  DV ORQJ DV WKHUH LV D VXIILFLHQW EHG LQYHQWRU\ DQG VROLGV FLUFXODWLRQ UDWH HYHQ ZLWK KLJKO\
GHDFWLYDWHG&D2DFWLYLW\ORZHUWKDQDQGHYHQFORVH WRWKHUHVLGXDODFWLYLW\EHORZWKHW\SLFDORIVRUEHQWV
F\FOHGKXQGUHGVRIWLPHV3ODQVKDYHDOUHDG\EHHQPDGHWRH[WHQGWKHH[SHULPHQWDOGDWDEDVHDQGJDLQH[SHULHQFH
DQGGHVLJQGDWDIRUWKHQH[W0ZVFDOHSLORW
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